General technique for modeling the position and shape of planetary bow waves are reviewed. A three-parameter method was selected to model the near portion (i.e., x' > -1Roo) of the Venus, earth, and Mars bow shocks and the results compared with existing models using 1 to 6 free variables. By limiting consideration to the forward part of the bow wave, only the region of the shock surface that is most sensitive to obstacle shape and size was examined. In contrast, most other studies include portions of the more distant downstream shock, thus tending to reduce the planetary magnetosphere in question to a point source and constrain the resultant model surfaces to be paraboloid or hyperboloid in shape to avoid downstream closure. It was found by this investigation that the relative effective shapes of the near Martian, Cytherean, and terrestrial bow shocks are ellipsoidal, paraboloidal, and hyperboloidal, respectively, in response to the increasing bluntness of the obstacles that Mars, Venus, and earth present to the solar wind. The position of the terrestrial shock over the years 1965 to 1972 showed only a weak dependence on the phase of the solar cycle after the effects of solar wind dynamic pressure on magnetopause location were taken into account. However, the bow wave of Venus was considerably more distant around solar maximum in 1979 than at minimum in 1975-6 suggesting a solar cycle variation in its interaction with the solar wind. Finally, no significant deviations from axial symmetry were found when the near bow waves of the earth and Venus were mapped into the aberrated terminator plane. This finding is in agreement with the predictions of gas dynamic theory which neglects the effects of the IMF on the grounds of their smallness. Farther downstream where the bow wave position is being limited by the MHD fast mode Mach cone, an elliptical cross section is expected and noted in the results of other investigations.
region over which the plasma is "shocked" and an increase in turbulence both upstream and downstream [e.g., Greenstadt, 1970] making a judgement as to the shock location less certain and sometimes difficult in the absence of plasma as well as magnetic field data. However, the relative number of passes during which a distinct crossing fails to be recorded is not large [e.g., Fairfield, 1971; Olson and Holzer, 1975] and the study of minor changes in shock position as a function of its structure [Formisano et al., 1973; Auer, 1974] is outside the intended domain of this work. Accordingly, the results of this study may not be strictly applicable to the highly quasi-parallel portions of planetary bow waves. Observations have also shown that shock motion may occur at speeds of 10-102 km/s [Holzer et al., 1966; Greenstadt et al., 1972] Tables 1 and 2 are not large in comparison with the statistical deviations about their mean levels and have not been found to result in any substantial differences in shock structure among these planets [Greenstadt, 1970; FairfieM and Behannon, 1976; Slavin et al., 1980] as is evident from the very similar quasi-perpendicular magnetic field profiles assembled in Slavin et al. [1979a, b; and attributed to changes in not only ionopause height and solar wind Mach number, but also the solar wind interaction through the effects of varying solar corpuscular and electromagnetic radiation on the ionosphere and neutral atmosphere. At Mercury and Mars still less data are available with none of it having been taken at low altitudes on the dayside (see reviews by Ness [ 1979] , Russell [ 1979] , and Siscoe and Slavin [ 1979] ). Hence, at this time the study of solar wind flow about these planets as a group is still reduced the temporal variability of these physical systems, the overall paucity of observations, and the limitations of single spacecraft measurements to an examination of bow wave position, shape, and variability.
In this paper we report on the findings of the first of the two part study of this subject. As will be described below, Part 1 models the shape and location of the bow waves of Venus, earth, and Mars by a single standard technique for the purpose of comparing their relative shapes and positions. This is in contrast to the many other studies [e.g., Bogdanov and Vaisberg, 1975; Vaisberg, 1976; Russell, 1977; Verigin et al., 1978] that have considered different aspects of this problem but with fewer observations and in less comprehensive and methodical manners than employed here. Figure 3 shows the timing of the various space missions that will be used relative to the sunspot cycle. The reason for such a display is that the interplanetary medium appears to exhibit variations with solar cycle phase [e.g.,Diodato et al., 1974; King, 1979] which are known to affect the nature of solar wind interaction with the earth (e.g., Holzer and Slavin [ 1981 ] and references therein). Similar modulations are also expected at the other planets but so far have been reported on the basis of in situ observations only at Venus [Wolff et al., 1979; Slavin et al., 1979b] . Since the various missions to Mercury, Venus, and Mars have occurred at different times with respect to the solar cycle, observations of the terrestrial bow wave . In all cases, the solar wind plasma has been assumed to contain 4% He ++ with THe = 3.5Tp. from a series of five satellites spanning most of cycle 20 were selected as a control group against which the more limited Mars and Venus measurements will be compared. Part 2, which is in preparation, examines the ability of existing gasdynamic and MHD models to describe the mean flow conditions as implied by shock location and makes use of these models in a comparative study of the solar wind interaction with the terrestrial planets. Mercury has been for the most part excluded from this modeling study due not only to the limited amount of data collected during the Mariner 10 fly-bys but also because those encounters may have taken place during abnormal interplanetary and magnetospheric conditions (Slavin and Holzer [ 1979] and references therein). While Mariner 10 provided a wealth of information on the basic nature of the solar wind interaction with the Hermaean magnetosphere, its observations are insufficient to give us a view of shock shape and stand-off distance under the typical 0.3-0.5 AU interplanetary parameters shown in Table  2 . Examination of Jupiter and Saturn has been deferred until the large body of Voyager observations at Jupiter and Saturn are more fully reduced and disseminated.
MODELING THE BOW SHOCK magnetosheath, or solar wind. In principal, the locations of the magnetopause and bow wave could then be recovered both in the mean and under specific conditions through appropriate selection, averaging, and weighting of the data. The main advantage of such an approach is that all of the information gathered, as opposed to just the boundary crossings, may be used in formulating probability distributions for boundary location. However, its usefulness is limited by the need for a statistically significant number of observations per unit volume. The resultant grid at this time is still too large to be of use in studying the shock location. At some future date this will, hopefully, no longer be the case. , For the reasons given above, the approach used since the beginning of such studies is to identify shock crossings in the particles and field observations and utilize curve fitting techniques to model location and shape. Its principle disadvantage is that care must be exercised in data selection to avoid producing a spatially biased representation. In general, shock observations taken along satellite trajectories that make a small angle with the boundary surface and/or do not begin well below (above) and end well above (below) the altitudes at which the shock resides must be omitted. There is The ideal experiment to determine the shape and location of the bow shock for a given set of interplanetary and obstacle conditions would involve a large number of probes simultaneously crossing the boundary at near normal incidence angles with high relative speeds to obtain a" snapshot" of the shock surface. In the absence of such an experiment, the next choice would be to follow the trajectories of a large number of satellites through a three-dimensional grid classifying each unit volume as being located in the magnetosphere, [King, 1977] and are statistically independent only over periods of tens of hours, or more, depending upon the physical variable considered [e.g., see Gosling and Bame, 1972; King, 1979] . Further, the rate of occurrence of multiple crossings will vary with the individual spacecraft trajectory and tend to bias the data set by more heavily weighting the less desirable observations made along orbits with smaller incidence angles to the boundary surface due to the large number of encounters generated by small amplitude shock motions. An excellent example of such a problem is contained in the study of shock position by Formisano [ 1979] in which the Heos 2 contributes ---80% of the total number crossings even though it completed less than half as many orbits as the total for the other 6 satellites utilized in that work combined. To avoid this domination of the data set by the Heos 2 multiple crossings and still use these important high latitude observations, weighting factors were introduced a s described in that paper. Before continuing further, it is necessary to select the coordinate space in which to model the shock surface. The most common practice is to use planet centered solar ecliptic coordinates (x, y, z) in which x points toward the sun and z is normal to the plane of the ecliptic with z positive in the same sense as the angular momentum vector of the sun [e.g., Fairfield, 1971; Formisano, 1979] . Alternatively, at the earth phenomena which are highly dependent upon the tilt of the geomagnetic field in planes perpendicular to the x axis use the geocentric solar magnetospheric system which "rocks" the y-z axis with the dipole. However, except for possibly at high latitudes, which will not be considered in this study, the influences average effects of aberration and other phenomena which might produce a lack of symmetry about the x axis. However, as the solar wind speed is variable we can reduce "noise" associated with aberration by aberrating each individual shock crossing at a position treatments, that by Formisano [ 1979] which fits the shock in three dimensions sets the least constraining requirement in that only symmetry with respect to the ecliptic plane (i.e., z = Izl) is assumed. Fairfield [ 1971 ] incorporated quasi-axial symmetry into the model by rotating the crossing locations about the x axis into the dawn (dusk) half of thex-y plane when they coordinate of the datum was negative (positive). In another model he assumed spherical symmetry for the shock surface on the dayside. These procedures were adopted by Fairfield so that any east-west asymmetry in flow about the earth might be detected. The existence of significant asymmetries associated with the spiral configuration of the IMF within the magnetosheath region have been both predicted [Walters, 1964] and disputed [Shen, 1972] The optimum fit to the data on shock position in terms of producing the minimum rms (i.e., "root-mean-square") deviation normal to the model surface would most certainly be a representation in nonuniform, the objective is to use as few free parameters as is necessary to produce a fit with the requisite accuracy. As a straight line is a very bad representation of shock shape over any substantial length, the standard practice is to use a general second order curve: kty 2 + k2xy + k3x 2 + k4y + ksx + k6 = 0 (2) Some methods of fitting to this curve are discussed in both Fairfield [ 1971 ] and Forrnisano [ 1979] , who also includes a z 2 term, with their results listed in Table 3 . In considering the nature of the solutions to this equation it must be noted that the k 2 term represents a rotation of the symmetry axes of the solutions (i.e., circles, ellipses, parabolas, and hyperbolas, if we ignore the degenerate cases) about their center by an amount 1/2 tan-i[k2/(k3 -kl) ]
from a configuration in which the symmetry axes parallel the coordinate axes. Since we are aberrating the crossing locations before fitting and have found no large asymmetries, we can assume h = a, the tilt due to the aberration. Rotating the axes by the amount given in equation (2) Equations (2)-(6) have been used to transform the coefficients in Table 3 Table 4 . In the sections to follow these models and others will be compared with the results obtained by this study using the 3 parameter second order method described above. Table 4 and Figures 6-9. Table 5 provides a listing of the number of passes, mean upstream conditions [King, 1977] , and other information pertaining to each data set. The individual satellite observations were fitted separately except in the case of Prognoz 1 and 2, which overlapped in time and were modeled together. With the interval of time during which each satellite provided information being only 6-18 months, no large rapid changes in mean solar wind parameters were found during the individual missions that could bias the results. Such problems would arise if, for example, the subsolar crossings took place during a period of significantly different Mach number, or dynamic pres- The sonic Mach numbers were computed as in Table 2 but with an assumed T e of 1.5 x 105 øK. In each case, the number, N of instances in which hourly averaged upstream parameters [King, 1977] Table   4 , which shows an x 0 value of +3.4 R e when a 4 ø aberration is assumed before fitting the data. However, there is a large variation inx 0 from +2.6 to -4.1 Rein the Forrnisano [1979] model when the data are scaled by Psw 1/6 to take into account the dependence of magnetopause radius on upstream dynamic pressure. For a given focus location in our study significant degradation in the goodness of fit is observed with changes from the optimum in the eccentricity e, and semi-latus rectum L, at the--, 3% and "' 1% levels, respectively, as indicated in Table 4 . As will be examined in part 2 of this study, both the stand-off distance and shock shape (i.e., for x 0 constant, the eccentricity) for the bow wave models in Figure 10 appear ordered by the average sonic Mach numbers in Table 6 with the highest <Ms>, 7.6 for Heos 1, producing the most slender shock and thinnest magnetosheath. By comparison, which could produce such a large growth in shock stand-off distance. This view is supported by Figure 10 , which shows the terrestrial bow shock to have been about 5% closer to the magnetopause near solar maximum than before or after that epoch. The implications for such a change of shock location in terms of the solar wind interaction with Venus will be examined in part 2 of this study. Figure 13 further considers the question of a solar cycle dependence in the Venus bow wave position by plotting the four shock models appearing in Table 6 Gringauz [ 1975] curves are previously published gasdynamic models scaled to their observations (i.e., one free parameter) and as such are not very sensitive to the actual observational data in terms of determining the shape of the bow waves. In comparing these models, the most significant difference is that the shock surface obtained in this study is seen to be much less blunt than those obtained in the other works.
different data setS. The Gringauz et al. [ 1975] and
The reason appears to be less the nature of the modeling technique than the set of crossings utilized. In Figure 17 we have plotted all of the Mars 2, 3, and 5 shock crossings along with some representative orbital paths. First, it is apparent that by limiting the study to those crossings forward of -1 RMS we do not include two crossings just anti-sunward of this plane at least one of which is much farther from the x' axis than is consistent with typical Mach number conditions and the shock observations farther downstream. In Part 2 the two crossings marked 'A' in Figure 17 are both modeled as a single low Mach number event given that the difference in time between these Mars 2 and Mars 3 crossings was only about 7 hours. In addition, the two Mars 3 bow wave crossings closest to the planet in the vicinity of the aberrated terminator plane are absent from all of the studies cited save the one by Bogdanov and Vaisberg [ 1975] . Thus, we find that blunter bow wave models obtained by most of the previous studies are due largely to the inclusion of the two crossings just anti-sunward ofx = -1RMS. Shock crossings may be recorded only along the paths of the available spacecraft. In this case the very limited nature of the Mars 2 and 3 spatial coverage downstream of the terminator, as shown in Figure 17 , has led to the other models tending to produce shock surfaces which follow the orbits of these satellites. The Mars 5 bow wave encounters near x' -5 RMS from a trajectory which is less parallel to the boundary clearly support the more slender shock model we have arrived at after data selection.
TESTING AXIAL SYMMETRY
By comparison with the two and three dimensional 2nd order models of Fairfield [ 1971 ] and Formisano [1979] , we have removed 2 and 3 free parameters, respectively, with the assumption of axial symmetry about the x' axis. These studies do lend support to this assumption that iny0, the y coordinate of focus position after the conic has been rotated by the angle h, tends to be small and much less is absolute magnitude thanx0 as shown in Table 4 We examine the observational validity of the axial symmetry assumption used in this study further in Table 8 . Those Imp 3, Imp 4, Heos 1 and Prognoz 1-2 crossings for which measured solar wind speeds were available to transform them into (x', y', z') coordinates have been mapped into the aberrated terminator plane by means of their respective model surfaces (i.e., Table 4 between the mean dusk radius and the mean dawn value is less than the uncertainty. However, in all cases the distance to the shock on the duskside is indeed slightly greater than or equal to that at dawn so that it may be that some slight asymmetry exists on the average which a much larger number of crossings could resolve. Nevertheless, it is clear that the assumption of axial symmetry, and hence our three-parameter modeling method, is valid to within the statistical resolution of the data set.
In addition to the two-dimensional dawn-dusk asymmetry model proposed by Walters [ 1964] , Cloutier [ 1976] suggested that deviations from axial symmetry would also occur due to draped configuration of magnetosheath magnetic field lines causing the flow to behave like a fluid with two degrees of freedom (i.e., 7 = 2) in regions where flow velocity is perpendicular to the magnetic field and three degrees of freedom ( The model which has not been plotted in Figure 19 is the Psw normalized one ofForrnisano [ 1979] . As shown in Tables 3 Because the model determined eccentricity of a surface is dependent upon the point at which the focus is placed, it is necessary to create an effective eccentricity for each of the terrestrial planets referenced to a standard focus position. This has been done in Table 9 where the effective value of x 0 is taken somewhat arbitrarily to be 1/4 the shock stand-off distance which is near the mean for these planets. 
